Subjects were presented with two parallel pulse trains through earphones, one to each ear. The pulse trains were isochronous, and the durations of the intervals associated with the right and left trains were systematically varied, so as to give rise to both simple rhythms and polyrhythms. The subjects were required to tap with the right hand in synchrony with the train delivered to the right ear, and to tap with the left hand in synchrony with the train delivered to the left ear. Accuracy of performance in polyrhythm contexts was substantially lower than in simple rhythm contexts, and decreased with an increase in the complexity of the associated polyrhythm. It was concluded that the performer develops a representation of the pattern as an integrated whole, and that performance accuracy is inversely related to pattern complexity.
An interesting but little investigated area of research concerns the generation of temporally patterned sequences. Performance levels on such tasks vary substantially depending on the type of pattern employed. Thus, isochronous sequences have been found to be generated to a high degree of accuracy (Allan, 1979; Bartlett & Bartlett, 1959; Michon, 1967; Treisman, 1963; Wagner, 1971; Wing & Kristofferson, 1973a , 1973b . In contrast, the task of generating irregular sequences has been found to be very difficult, with subjects tending to generate interresponse intervals that were approximately identical or that stood in a ratio of approximately 2:1 (Fraisse, 1982) . A tendency toward simplification of temporal relationships was also observed by Montpellier (1935) . He presented subjects with a set of targets which they were required to tap in rapid succession, and found that intertap intervals tended either toward equality or toward ratios of 2:1 or 3:1. Povel (1981) studied the imitation of repeating temporal patterns that consisted of two or more intervals standing in various ratios to each other. He obtained substantial differences in performance levels depending on these ratios. For simple patterns, those with intervals standing in a ratio of 2:1 were accurately imitated, and those standing in other ratios were imitated less well, with systematic deviations in performance tending toward a ratio of 2:1. For more complex patterns, those that could be represented in terms of a simple hierarchical structure were well imitated, and those that could not be were imitated only poorly. The existing body of evidence suggests, therefore, that temporal patterns are encoded by the observer in hierarchical form, and that such hierarchies are invoked for their generation. (See, also, Cooper & Meyer, 1960; Martin, 1972; Perkins, 1974; Sturges & Martin, 1974; Summers, 1975; Westergaard, 1975; Yeston, 1976.) 1 The present article is addressed to the question of how different temporal patterns are generated in parallel. The simplest case is explored, that is, that of two isochronous sequences. We may ask whether these may be generated in parallel independently, or whether this task requires their integration into a single internal representation. From one point of view, since the dual task is descriptively very simple, we might expect that parallel processing would readily occur. However, the experimental findings on the generation of single patterns lead to the alternative prediction that accuracy in producing parallel patterns would also depend on the temporal relationships involved. Observations outside the laboratory support this assumption. In playing keyboard instruments, it is easy to generate two isochronous sequences in parallel, one with each hand, provided that the interval associated with one sequence is an integral multiple of the interval associated with the other sequence. However, when this relationship does not hold (as in the case of polyrhythms), performance is surprisingly difficult. In order to achieve accuracy, the performer generally learns first to produce the integrated pattern, and then to associate each component of the pattern with the appropriate hand, so that the two isochronous sequences finally emerge in parallel.
Experimental findings on the concurrent performance of two motor tasks provide further evidence that some form of temporal integration in involved. Peters (1977) asked subjects to beat out a rhythm while simultaneously reciting a nursery rhyme with proper rhythmic intonation. No subject was able to perform this task, and it was concluded that the nervous system, in the voluntary guidance of movement, can produce only one basic rhythm at a time. Klapp (1979) found that subjects were well able to perform two periodic keypresses simultaneously, one with each hand, when these occurred at identical rates, or when the rate for the left hand was twice that for the right. However, when the left-hand rate differed slightly from the right-hand rate, or when the right hand was pressing as rapidly as possible, performance was considerably poorer. Furthermore, Kelso, Southard, and Goodman (1979) asked subjects to make concurrent movements with each hand to targets that differed in size and in distance from the resting position. Under these conditions, the hands appeared constrained to move in synchrony, so that the arrived at their respective targets at the same time. These three studies therefore argue that there are strong temporal constraints on the performance of concurrent actions, as though these were controlled by a single timing mechanism (see, also, Keele, 1981) .
In contrast, with highly skilled performance, two differently timed motor sequences may be successfully generated in parallel (Shaffer, 1981) . For example, pianists are able to perform polyrhythms with accuracy following extensive training. One possible explanation of this finding is that the performer develops the ability to utilize independent timing mechanisms. Alternatively, we may propose that the performer develops a representation of the patterns as an integrated whole (see, also Beauvillain & Fraisse, in press ). These two hypotheses lead to different predictions. If independent timing mechanisms were utilized, then success in generating two isochronous sequences in parallel should not depend on the temporal relationships between them. However, if performance levels depended on the development of an integrated representation, then accuracy in performance should be related to the structural simplicity of the integrated pattern.
For illustration, we can take the 3-against-2 polyrhythm. At 1200 msec per pattern repetition, this may be described as consisting of a string of 400-msec intervals together with a string of 600-msec intervals. Alternatively, the pattern may be described in terms of a hierarchy such as that shown in Figure 1a , in which the 1,200-msec time span is divided into three 400-msec segments, which are each divided into two 200-msec segments. The pattern (R/L -R L R -), when associated with the lowest level structure, then produces a 3-against-2 polyrhythm. This model is described in detail in Deutsch and Feroe (Note 1).
If polyrhythms are internally represented in such a fashion, then we would expect that ease in producing such rhythms would depend on the complexity of the associated representation. Thus, for example, the 5-against-4 polyrhythm would have representation such as that shown in Figure 1b . It can be seen that this involves a pattern that is considerably more complex than that for the 3-against-2 polyrhythm. The 5-against-4 polyrhythm should therefore be produced considerably less accurately than the 3-against-2 polyrhythm.
The present experiment was designed to test this hypothesis. Subjects were presented with two parallel pulse trains through earphones, one to each ear. They were required to tap with the right hand in synchrony with the train delivered to the right ear, and to tap with the left hand in synchrony with the train delivered to the left ear.
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The pulse trains were isochronous, and the durations of the intervals associated with the right and left trains were systematically varied, so as to give rise to both simple rhythms and polyrhythms. It was hypothesized that tapping accuracy would decrease with an increase in the complexity of the associated pattern description.
METHOD Stimuli and Conditions
The stimuli consisted of trains of 50-msec sine-wave tones (or blips) presented through headphones at a level of 75 dB SPL. The frequencies of the blips presented to the right and left ears were 1100 and 800 Hz, respectively. (A frequency difference between the blips was necessary to prevent the impression of a single blip in the center of the head when these were presented simultaneously to both ears.) The subjects were instructed to tap with the right forefinger in synchrony with the blips delivered to the right ear, and with the left forefinger in synchrony with the blips delivered to the left ear.
The experimental conditions were designed as follows. A 1,200-msec interval between blip onsets served as the base interval. This was divided by 1, producing a 1,200-msec onset-to-onset interval; by 2, producing a 600-msec onset-to-onset interval; by 3, producing a 400-msec onset-to-onset interval; by 4, producing a 300-msec onset-to-onset interval; and by 5, producing a 240-msec onset-to-onset interval. These intervals were chosen because they are in the range in which the following of pulse trains most readily occurs (Fraisse, 1982; Handel & Oshinsky, 1981) .
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Each of these intervals presented to the right ear was paired equally often with each of these intervals presented to the left ear, producing 25 conditions in all. The first blips of each train always occurred in synchrony, so that the blips were synchronous at least once every 1,200 msec. Thus, the following simple rhythms were generated: 1 against 1; 2 against 1; 3 against 1; 4 against 1; and 5 against 1. Also the following polyrhythms were generated: 3 against 2; 5 against 2, 4 against 3, 5 against 3, and 5 against 4.
Apparatus
Tones were generated by two Wavetek function generators (Model 155) controlled by a PDP-11/03 computer. The output was passed through a Crown amplifier, and was presented to the subject through matched headphones (Grason-Stradler Model TDH-49) in a soundinsulated booth. The subject responded by tapping on two 3 x 1 in. metal plates mounted on a box. He or she tapped with the right forefinger on the plate to the right and with the left forefinger on the plate to the left. A third 3 x 1 in. metal plate was centered between these two, and the subject tapped this plate to initiate a run of trials. A red LED was mounted above the plates.
Procedure
Each subject was tested individually. To initiate a run of trials, the LED flashed on and off for 5 sec, following which the subject tapped the center plate to indicate his/her readiness. Five seconds later, one of the conditions was presented for 52 sec. The subject tapped with the right forefinger in synchrony with the blips presented to the right ear and with the left forefinger in synchrony with the blips presented to the left ear. The first 12 sec were treated as a warm-up period. For the remaining 40 sec, the LED was turned on and the taps were recorded. At the termination of the trial, the LED was turned off, and there followed a 10-sec delay. The next trial then began, and a different condition was presented. At the termination of a run of five trials, the subject was given a rest period of approximately 2 min.
Each experimental session consisted of five runs of five trials each, so that each of the 25 conditions was presented once during a session. The order of presentation of the conditions within a session varied randomly. Each subject participated for six experimental sessions.
Subjects Three musically trained subjects participated in the experiment. None had received special training in the production of polyrhythms. All subjects were given several practice sessions before the experiment began.
RESULTS
The measure of tapping accuracy was the variability in temporal position of taps relative to blips, determined for each channel separately. This was computed as follows. Each tap was associated with the blip that was closest in time on the corresponding channel, and the signed timed difference between the two was determined. The standard deviation of these signed time differences was then computed for each trial, for each channel separately.
Since the two hands did not differ significantly in overall tapping accuracy (F < 1), the data for the two hands were pooled. Accuracy in tapping at each rate was then plotted as a function of the rate at which the other hand was tapping. Figures 2 to 6 indicates a 5-against-1 rhythm, with accuracy plotted for the slower component. 1 (1) indicates the two hands tapping in synchrony at the 1,200-msec rate. effect of context rate was highly significant at all tapping rates [F(4, 8) At the 1,200-msec tapping rate, only simple rhythms were executed. As can be seen from Figure 2 , accuracy was a monotonically increasing function of context rate. As described above, this effect was highly significant.
At the 600-msec tapping rate, there were three context rates that resulted in simple rhythms (2 (1) , 2 (2) , and 2 (4) ). As shown in Figure  3 , overall accuracy was very high for the simple rhythms, and increased slightly with an increase in context rate. This effect was significant [F(2,4) = 13.11, p < .05]. Furthermore, accuracy was significantly lower in polyrhythm contexts than in simple rhythm contexts (2 At the 400-msec tapping rate, there were two context rates that resulted in simple rhythms (3 (1) and 3 (3) ) and three that resulted in polyrhythms (3 (2) , 3 (4) , and 3 (5) ). As shown in Figure 4 , accuracy was very high in simple rhythm contexts, and higher at the higher context rate than at the lower. (This difference, however, was not significant.) Overall accuracy was significantly lower in polyrhythm contexts than in simple rhythm contexts (3 (2) , 3 (4) , (3 (5) vs. 3 (1) , 3 (3) ); observed difference = 49.4, CR LSD = 17.7, p < .01). Significant differences also emerged between the different polyrhythm contexts (3 (2) vs. 3 (4) ; observed difference = 63.9, CR LSD = 27.5, p < .01; 3 (2) vs. 3 (5) ; observed difference = 63.3, CR LSD = 27.5, p < .01). Since performance in condition 3 (4) and 3 (5) was at chance, there was essentially no difference between these conditions. At the 300-msec tapping rate, there were three context rates that resulted in simple rhythms (4 (1) , 4 (2) , and 4 (4) ) and two that resulted in polyrhythms (4 (3) and 4 (5) ). As shown in Figure 5 , overall accuracy was very high in simple rhythm contexts, and increased slightly with an increase in context rate. (This increase, however, was not significant.) Overall accuracy in polyrhythm contexts was significantly lower than in simple rhythm contexts (4 (3) , 4 (5) vs. 4 (1) , 4 (2) , 4 (4) ; observed difference = 55.6, CR LSD = 15.1, p < .01). Accuracy was higher for context rate 4 (3) than for context rate 4 (5) . However, since performance levels here approached chance, this difference was only marginally significant (observed difference = 13.6, CR LSD = 13, p = .1). At the 240-msec tapping rate, there were two context rates that resulted in simple rhythms (5 (1) and 5 (5) and three that resulted in polyrhythms (5 (2) , 5 (3) and 5 (4) ). As shown in Figure 6 , overall accuracy was very high in simple rhythm contexts and slightly higher at the higher context rate than the lower. (This difference was not, however, statistically significant.) Overall accuracy was significantly lower in polyrhythm contexts than in simple rhythm contexts (5 and 5 (4) was at chance, there was essentially no difference between these conditions.
DISCUSSION
Three general findings have emerged from the present study. First, performance levels in simple rhythm contexts were very high, and they increased with an increase in context rate. Second, performance levels in polyrhythm contexts were substantially lower than in simple rhythm contexts. Third, there were substantial differences in performance levels between the different polyrhythm contexts.
The results from simple rhythm contexts are in accordance with those of other studies showing that accuracy of perception and production of temporal intervals increases with a decrease in the duration of these intervals (Allan, 1979; Bartlett & Bartlett, 1959; Michon, 1967; Treisman, 1963; Wagner, 1971; Wing & Kristofferson, 1973a , 1973b . If the context blips were used as cues to subdivide the 1,200-msec time interval into smaller intervals, then accuracy should indeed increase as the durations of the context intervals decrease. It is interesting to note that the requirement to execute a larger number of taps per unit time with the context hand did not impair accuracy; rather, accuracy increased with an increase in the total number of taps to be executed. This implies that differences in accuracy were not much related to purely motor factors. It is also interesting to note that the simple rhythm involving division of the base interval into five segments (5 against 1) was very well executed. Western tonal music rarely involves such a division, so one might have expected performance here to be poorer than for the other simple rhythms. However, no such difficulty was apparent.
The results from polyrhythm contexts are in accordance with the hypothesis that accuracy in generating two sequences in parallel depends on the development of an integrated pattern representation. The present finding that accuracy in tapping at a given rate depends strongly on context rate cannot be explained by the hypothesis of independent timing mechanisms. Rather, the data are well explained on the hypothesis that the performer develops a representation of the pattern as an integrated whole, and that accuracy is inversely related to pattern complexity. Table 1 displays the description of each polyrhythm in terms of the sequence of events required to produce it. Taking as our measure of complexity the number of events contained in the pattern description, we find that accuracy at each rate was inversely related to complexity of the polyrhythm being executed. Thus, at the 600-msec tapping rate, accuracy was higher in the Table 1 Polyrhythm Description
Polyrhythm Taps
Note -R = right hand tap, L = left hand tap, R/L = right and left hand taps, -= no tap.
